Background: The mechanisms underlying sex-based differences in pain and analgesia are poorly understood. In this study, we investigated gene expression changes in trigeminal ganglia (TG) of male and female rats exposed to infraorbital nerve chronic constriction injury (IoN-CCI). Methods: Somatosensory assessments were performed prior to IoN-CCI and at selected time points postsurgery. Selected gene expression changes were examined with real-time quantitative polymerase chain reaction (RT-PCR) in ipsilateral TG at 21 days postsurgery. Results: Rats exposed to IoN-CCI developed significant mechanical allodynia and hyperalgesia on days 19 and 21 postsurgery. During this period, females developed significantly more allodynia but not hyperalgesia compared to males. At 21 days postsurgery, expression levels of 44 of the 84 investigated pain-related genes in ipsilateral TG were significantly regulated relative to na€ ıve rats in either sex. Csf1 and Cx3cr1 were up-regulated in both sexes, but the magnitude of regulation was significantly higher in females (p = 0.02 and p = 0.001, respectively). Htr1a and Scn9a were down-regulated in both sexes, but the downregulation was significantly more pronounced in males (p = 0.04 and p = 0.02, respectively). Additionally, Cck, Il1a, Pla2g1b and Tnf genes were significantly regulated in females but not in males, and Chrna4 gene was significantly down-regulated in males but not in females. Conclusions: Our findings suggest sex-dependent gene regulation in response to nerve injury, which may contribute to sex dimorphism of trigeminal neuropathic pain. Further studies are needed to establish gene expression changes over time and correlate these with hormonal and other physiological parameters in male and female. Significance: We present novel sex-specific transcriptional regulation in trigeminal ganglia that may contribute to male-/female-based differences in trigeminal neuropathic pain. These findings are expected to open new research horizons, particularly in male versus female targeted therapeutic regimens.
Introduction
Neuropathic pain (NP) arises as a direct consequence of a lesion or disease involving the somatosensory system and is most often associated with an injury or a disease affecting peripheral nerve fibres. It is a complex and highly heterogeneous condition that has been linked to molecular mechanisms leading to altered gene expression levels for common ion channels, receptors, neuropeptides and enzymes (Moss et al., 2008; Basbaum et al., 2009; Costigan et al., 2009b) . Molecular changes associated with nerve injury lead to an ectopically active system with a decreased threshold to stimuli. These phenomena underlie spontaneous and induced pain, characteristic of neuropathic pain. Additionally, non-nociceptive fibres induce pain on stimulation and interact with the sympathetic nervous system to further enhance pain. Gene expression studies have provided valuable insights into the molecular mechanisms involved in the development and maintenance of pain Tsantoulas et al., 2012) . The majority of previously reported transcriptional profiling studies of preclinical models of neuropathic pain have focused on the spinal system of male rodents Perkins et al., 2014) and only report sex differences in behavioural responses to stimuli. To date, no studies have reported sex differences in gene expression levels following trigeminal nerve injury. However, there is a case to be made for individually studying the trigeminal system (Benoliel et al., 2005; Arap et al., 2010; Prachur et al., 2012) and for inclusion of females in pain studies (Mogil and Chanda, 2005; Mogil, 2012) . Addressing sex bias in pain research will increase translational relevance of preclinical findings.
Sex has been implicated in the aetiology of pain, and it has been suggested that sex is a contributing factor to the variation in pain sensitivity, tolerance and analgesia. Published results from animal and human studies provide evidence for increased pain sensitivity and chronic pain prevalence in females (DeLeo and Rutkowski, 2000; Dominguez et al., 2012) . The explanation for such differences has been attributed largely to female hormones. However, recent findings suggest the involvement of different immune cells in sex-related differences in hypersensitivity (Sorge et al., 2015) .
We further hypothesize that a possible factor involved in pain differences and analgesic efficacy between sexes is differential gene expression following nerve injury leading to NP. Identification of transcriptional changes associated with NP in the trigeminal system and determining sex differences would allow for a better understanding of the molecular mechanisms involved in the development and maintenance of trigeminal neuropathic pain. Importantly, convergence or divergence in mechanisms underlying pain modulation in the sexes has direct and important consequences for analgesic drug development.
In this study, we examine differential transcriptional changes underlying trigeminal neuropathic pain by determining expression patterns of 84 painrelated genes in ipsilateral trigeminal ganglia (TG) of intact male and freely cycling female rats exposed to infraorbital nerve injury.
Methods
All experimental procedures and protocols were approved by Rutgers University Institutional Animal Care and Use Committee (IACUC) protocol no. E-14043-A1. Animal experiments were performed in accordance with the International Association for the Study of Pain guidelines for research involving animals.
Animals and experimental design
Healthy, adult male and female Sprague-Dawley (SD) rats (weighing 200-250 g on arrival) were obtained from Charles River Laboratories (USA). Animals were housed in polycarbonate and poly-sulphone solid bottom open shoebox cages with beta chip bedding. Animals of the same sex were housed two per cage in a temperature and humidity controlled facility, with food and water available ad libitum. The facility is under veterinary supervision and maintains a 12-h light/dark schedule (lights on at 0700 h and off at 1900 h). All rats were allowed to acclimatize to the animal facility for 72 h after arrival. Following this, all animals were habituated to the laboratory environment for 14 days before baseline behavioural assessment. Subsequent to the habituation period and baseline behavioural measurements, half of the rats within each sex group were randomly assigned to undergo infraorbital nerve chronic constriction injury (IoN-CCI).
Chronic constriction injury (CCI)
Neuropathic pain was induced via chronic constriction injury (CCI) to the left infraorbital nerve (IoN) as described (Imamura et al., 1997) . Briefly, rats were anaesthetized with a solution of ketamine (50 mg/kg) and xylazine (7.5 mg/kg) administered intraperitoneally (i.p.). A 1 cm long incision was made along the gingivobuccal sulcus beginning just proximal to the first molar. About 0.5 cm of the left infraorbital nerve was exposed and freed from the surrounding tissue, and two chromic gut ligatures were loosely tied (2 mm apart) around the exposed section. The incision was closed with 4-0 silk sutures. All surgeries were performed by a single investigator (JK) to minimize variability. Na€ ıve animals, not exposed to IoN-CCI, were used as controls.
Somatosensory pain-like behaviour assessment
Variable time points for the appearance of hypersensitivity to mechanical stimulation following infraorbital nerve injury have been reported, ranging from 12 to 17 days (Vos et al., 1998; Benoliel et al., 2001a Benoliel et al., ,b, 2002a . The observed heterogeneity could be due to variability in the operator, the surgical approach and behavioural assessments. We have also reported strain-dependent variability in evoked responses (Benoliel et al., 2002a) . We observe reliable hypersensitivity following IoN-CCI beginning at days 14-17. All somatosensory assessments were performed by the same investigator (OAK), blinded to the experimental groups. In animals, only indirect inference of pain is possible based on behaviour; therefore, the term 'hypersensitivity' is used to describe behavioural findings following nerve injury (Hansson and Bouhassira, 2015) . As proposed, the term 'hypersensitivity' disregards the nature of the animal's perception of pain (Hansson and Bouhassira, 2015) . Von Frey hypersensitivity was measured by the withdrawal response to von Frey fibres that deliver calibrated amounts of force (EXACTA Precision & Performance monofilaments, Stoelting, Wood Dale, IL, USA). Stimuli were applied within the infraorbital nerve territory, in the area of the vibrissal pad, in ascending order of intensity. The first filament to evoke at least one withdrawal response was recorded and designated as the pain threshold. A decrease in the pain threshold indicates hypersensitivity. Pinprick hypersensitivity was assessed by measuring withdrawal reaction to a blunted acupuncture needle (withdrawal score) (Benoliel et al., 2002b) . The response to stimulation was scored as: 0 = no response, 1 = nonaversive response, 2 = mild aversive response, 3 = strong aversive response, 4 = prolonged aversive behaviour (Vos et al., 1994; Benoliel et al., 2002b ). An increase in the withdrawal score indicates hypersensitivity.
Tissue collection
Ipsilateral trigeminal ganglia (TG) (n = 6 per sex group) were harvested 21 days after IoN-CCI. Immediately after collection, the tissue samples were stored in RNA later stabilizing reagent (Qiagen, Louisville, KY, USA) at 4°C for 24 h and subsequently stored at À20°C until analysis. TG tissue from na€ ıve animals (n = 4 per sex group) was used as control.
Total RNA extraction from TG
The total RNA was extracted from TG using the TRIzol reagent (Life Technologies, Grand Island, NY, USA), following the manufacturer's instructions. The RNA concentration and quantity (260:280 ratio) were assessed using the NanoDrop 2000c Spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
Gene expression analysis
Reverse transcription was performed with 0.5ug of total RNA using an RT 2 First Strand cDNA Synthesis Kit (SA Biosciences/Qiagen, Frederick, MD, USA) according to manufacturer's protocol. The procedure comprises two key steps: genomic DNA elimination and reverse transcription. The cDNA mixture was placed on ice and immediately analysed or stored at À20°C until used.
Gene expression changes were evaluated at a single time point (21 days postoperative) in the TG of gonadally intact males and females. The time point of 21 days postoperative was selected for the evaluation of gene expression changes as it corresponds to the maximal response to mechanical stimulation applied to infraorbital nerve region of the face following IoN-CCI (Vos et al., 1994) . Real-time quantitative polymerase chain reaction (RT-PCR) was performed to evaluate expression changes in a preselected set of 84 neuropathic and inflammatory pain genes using a kit obtained from Qiagen (catalog number: PARN-162Z) and following the manufacturer's instructions. The list of relevant genes was compiled by the manufacturer utilizing a systematic process of literature surveys, database searches, expert review and user feedback (Arikawa et al., 2005) . RT-PCR was performed with the Roche LightCycler 96 System (Roche Diagnostics â , Basel, Switzerland). SYBR green detection method was used with the following thermal profile: Heat Activation -1 cycle: 95°C for 10 min, PCR Cycling -45 cycles: 95°C for 15 s followed by 60°C for 1 min. All data from the PCR were collected by the LightCycler 96 software and analysed using SA Bioscience's PCR Array Data Analysis Web Portal. For IoN-CCI, six assays and for controls, four assays were carried out as independent samples. Cycle threshold (C T ) values were obtained for all the genes under investigation.
Statistical analysis

Behavioural analysis
Behavioural data were analysed using JMP â software, version 11.2.1 (SAS Institute Inc., Cary, NC, USA, 1989 USA, -2007 (Qiagen) . C T value threshold was set to 35 (only C T values < 35 were included in the calculations). Gene expression analyses were performed using the DDC T method (Livak and Schmittgen, 2001) , which is defined as the ratio of the relative gene expression between the test and control group. Fold-regulation values > 1 indicate increased gene expression (up-regulation), and negative values indicate decreased gene expression (down-regulation). Reported fold-regulation ratios (IoN-CCI vs. naive) comprise biological replicates (between-plate replicates) with n = 6 IoN-CCI and n = 4 na€ ıve rats represented per sex group. A Student's t-test was used to compare the levels of each of the evaluated genes between control and test groups. Benjamini-Hochberg (B-H) procedure was used to adjust for multiple testing (Benjamini and Hochberg, 1995) . The B-H is a powerful tool that decreases the false discovery rate by adjusting the level of significance (adjusted p < 0.023) and is commonly used in gene expression studies (Chen et al., 2016) . A statistically significant difference was established when both the absolute values of fold regulation were ≥2 and less than the B-H-adjusted p (0.023, see results). Genes were considered to be male or female associated when they met the two significance criteria (absolute value of fold regulation ≥2 and the B-H-adjusted p < 0.023) in one sex and did not meet any of the significance criteria in the other sex.
To identify genes with significant differences in expression levels between sexes, the raw C T values of significantly regulated genes in either males and/ or females were first normalized against the control genes (Actb, B2 m and Rplp1). This was followed by normalization against the average of normalized delta C T of control animals within each sex group. A Student's t-test on these normalized C T values was subsequently used with sex as the independent variable to identify genes that significantly differed in expression levels between sexes.
Results
Behavioural tests
Von Frey hypersensitivity is presented as percentage change from baseline in Von Frey thresholds, and pinprick hypersensitivity is presented as difference from baseline scores to pinprick stimulation. Results are reported as means AE standard error of the mean (mean AE SEM), unless otherwise specified. Females developed significant von Frey hypersensitivity sooner (day 14 postsurgery; (Females: À23 AE 7.9%, Males: 19.8 AE 3.8%) than males (day 19 postsurgery; Females: À41.7 AE 0, Males: À12 AE 3%); and from day 19 until day 21 postsurgery, females developed significantly more von Frey hypersensitivity compared to males (Day 19 postsurgery: Male = À12 AE 3%, Female = À42 AE 0%; Tukey p = 0.0001; Day 21 postsurgery: Male = À24 AE 6%, Female = À42 AE 0%; Tukey p = 0.005) (Fig. 1A) . Males developed significant pinprick hypersensitivity on day 17 following IoN-CCI (1.4 AE 0.2, p = 0.001), and it remained significant until day 21 (day 19: 1.4 AE 0.2, p = 0.001; day 21: 1.3 AE 0.2, p = 0.001). Females developed significant pinprick hypersensitivity on day 19 following IoN-CCI (1.5 AE 0.2, p = 0.004), and it remained significant on day 21 post-IoN-CCI (1.9 AE 0.2, p = 0.001). No significant differences in pinprick hypersensitivity were observed between sexes (Fig. 1B) .
Effects of ioN-CCI on gene expression in ipsilateral TG of male and female SD rats
Gene expression changes were evaluated at 21 days following IoN-CCI. As stated, this time point corresponds to the maximal pain-like behaviour in the infraorbital nerve region following IoN-CCI.
Real-time PCR (RT-PCR) was used to measure the expression changes of 84 genes associated with neuropathic and inflammatory pain in the ipsilateral TG of male and female rats following IoN-CCI. The expression of 84 genes was assessed at a single time point corresponding to high levels of pain-like behaviour (21 days postoperative) in the ipsilateral TG of male and female rats with trigeminal neuropathic pain induced via infraorbital chronic constriction injury (IoN-CCI). A qualitative analysis of data was conducted via cluster analysis within each sex group to find the list of coregulated genes. The clustergram indicating hierarchical clustering of expression of 84 genes implicated in neuropathic and inflammatory pain in the TG of male and female rats is presented in Fig. 2 ; see also Table 1 for full gene names and listing. Based on these results, the B-Hadjusted p value for significant gene regulation was p = 0.023. Genes within and across groups showing similar numerical data are clustered together in a heat map with dendrograms indicating coregulated genes across groups of individual samples. The horizontal dendrogram in both male ( Fig. 2A) and female ( Fig. 2B ) data sets form two main bifurcations segregating IoN-CCI exposed animals from na€ ıve animals. Compared to the na€ ıve animals, there was one gene cluster that was underexpressed in both male and female rats at 21 days post-IoN-CCI. There was also a smaller cluster of genes that were up-regulated in male and female rats at 21 days post-IoN-CCI compared to na€ ıve animals (Fig. 2) . Gene expression profiles within the same branch display close similarities. The majority of genes significantly regulated in either males or females were categorized within the common branch/cluster (a marked underexpression of genes in male and female rats at 21 days following IoN-CCI). Based on the expression data, five clusters were observed in males, and two clusters were observed in females. The list of genes that were significantly regulated (absolute value of fold-regulation ≥2 and B-Hadjusted p < 0.023) in either male or female rats is reported in Table S1 (Supporting Information); of the 84 genes on the RT² Profiler TM Rat Pain: Neuropathic & Inflammatory PCR Array, 35 were significantly regulated in males' and 41 were significantly regulated in females' ipsilateral TG at 21 days postsurgery. Of the 35 significantly regulated genes in males' TG, 26 (74%) were significantly down-regulated and nine (26%) were significantly up-regulated by the IoN-CCI compared to na€ ıve animals. Of the 41 significantly regulated genes in females' TG, 28 (68%) were significantly down-regulated and 13 (32%) were significantly up-regulated in IoN-CCI compared to na€ ıve animals.
IoN-CCI induces significant transcriptional regulation in ipsilateral TG of male SD rats at 21 days postinjury
In males, of the 26 genes significantly down-regulated by IoN-CCI, 14 (54%) are involved in conduction of pain, nine (35%) in pain response modulation and three (11%) in synaptic transmission. Significantly down-regulated transcripts involved in conduction of pain included genes encoding: potassium channels (Kcnip3, Kcnj6, Kcnq2 and Kcnq3), sodium channels (Scn10a, Scn11a and Scn9a), opioid receptors (Oprd1 and Oprm1), purinergic receptors (P2rx3 and P2ry1), ion channels (Trpa1 and Trpv1) and cannabinoid receptor (Cnr1). Significantly down-regulated transcripts involved in pain response modulation included genes involved in: (1) inflammatory regulation system: Calca, Cckbr, Chrna4, Tac1 and Tacr1; (2) eicosanoid metabolism: Ptger3 and Ptger4; and (3) neurotrophin pain response modulation system: Ntrk1 and Bdnf.
Significantly down-regulated genes involved in synaptic transmission included the glutamate receptor gene (Grin1) and the serotonin receptor genes (Htr1a and Htr2a).
Among the nine significantly up-regulated genes in males' ipsilateral TG at 21 days following IoN-CCI, nine genes (89%) belong to pain response modulation system, and 1 gene (11%) is involved in conduction of pain (Cnr2). Significantly up-regulated genes involved in pain response modulation system included genes involved in: (1) inflammatory pain response modulation: Ccr2, Cd4, Csf1, Cx3cr1, Itgam, Itgb2 and Tlr2; and (2) neurotransmitter regulation system: Adrb2.
IoN-CCI induces significant transcriptional regulation in ipsilateral TG of female SD rats at 21 days postinjury
In females, of the 28 genes significantly down-regulated by IoN-CCI, 15 (53%) are implicated in Figure 2 Heat map and hierarchical clustering diagram of gene trees and samples. lustergram indicating hierarchical clustering of expression of 84 genes implicated in neuropathic and inflammatory pain in the TG of male and female rats. Hierarchical clustering in (A) male and (B) female rats exposed to infraorbital chronic constriction injury (IoN-CCI) and in na€ ıve male and female rats, respectively. Coregulated genes across individual groups are indicated by dendrograms. In both males (A) and females (B), majority of significantly regulated genes were categorized within the common branch/cluster. Gene expression profiles within the same branch display close similarities. Each row corresponds to a single gene, with the colours of rectangles representing normalized expression on the scale shown below. Red denotes high expression levels, and green denotes low expression levels. Prostaglandin-endoperoxide synthase 1
Cox-1/Cox-3/Cox1/Cox3/Pghs-1 Eicosanoid metabolism -Pain response modulation conduction of pain mechanisms, 10 (36%) are involved in pain response modulation and three (11%) play a role in synaptic transmission. Significantly down-regulated genes involved in conduction of pain mechanisms included genes encoding: potassium channels (Kcnip3, Kcnj6, Kcnq2 and Kcnq3), sodium channels (Scn10a, Scn11a and Scn9a), ion channels (Trpa1 and Trpv1), opioid receptors (Oprd1, Oprk1 and Oprm1), purinergic receptors (P2rx3 and P2ry1) and cannabinoid receptor (Cnr1). Significantly down-regulated genes involved in pain response modulation included genes involved in: (1) inflammatory regulation system: Calca, Cck, Cckbr, Mapk8, Tac1 and Tacr1; (2) eicosanoid metabolism: Pla2g1b and Ptger3; and (3) neurotrophins regulation system: Bdnf and Ntrk1. Significantly down-regulated genes involved in synaptic transmission included genes encoding: (1) serotonin receptor: Htr1a; (2) glutamate receptor: Grin1; and (3) calcium channel: Cacna1b (). Among the 13 significantly up-regulated genes in females' ipsilateral TG at 21 days following IoN-CCI, 12 genes (92%) are involved in pain response modulation, one gene (8%) has been implicated in conduction of pain (Cnr2). Significantly up-regulated genes involved in pain response modulation included genes involved in inflammatory processes and these were as follows: Ccr2, Cd4, Csf1, Cx3cr1, Faah, Il18, Il1a, Itgam, Itgb2, Tlr2 and Tnf and one gene Adrb2 which has been implicated in neurotransmitter regulation system ().
Sex differences in transcriptional regulation of selected genes in ipsilateral TG at 21 days following IoN-CCI
To evaluate sex differences in transcriptional regulation of the focused panel of 84 genes following IoN-CCI, the C T values of male and female rats exposed to IoN-CCI were normalized against the C T values of the na€ ıve male and female rats, respectively. The average of normalized C T values of male rats was then compared to the average of normalized C T values of female rats. Among the 84 investigated genes, 44 genes (52%) were significantly regulated in either males or females, of which 32 (73%) were significantly regulated in both sexes (Fig. 3) . Based on a comparative analysis of males and females, among the 32 genes that were significantly regulated in males and females, there were four genes (Csf1, Cx3cr1, Htr1a and Scn9a) with significant differences in magnitude of regulation between the sexes. The Csf1 gene was significantly up-regulated in the ipsilateral TG of both, male (fold regulation = 2.2; p = 0.002) and female (fold regulation = 3.4; p = 0.00005) rats following IoN-CCI; however, the magnitude of regulation was significantly higher in female compared to male TG (t-Ratio=À2.88; p = 0.02). Similarly, the Cx3cr1 gene was significantly up-regulated in the TG of both, male (fold regulation = 2; p = 0.009) and female (fold regulation = 3.3; p = 0.000003) rats; however, the magnitude of regulation was significantly higher in female compared to male TG (t-Ratio=À4.48; p = 0.001). The Htr1a gene was significantly downregulated in the ipsilateral TG of both, male (fold regulation = À14.7; p = 0.00005) and female (fold regulation = À10.4; p = 0.008) rats; however, the magnitude of down-regulation was significantly higher in the male compared to female TG (t-Ratio=À2.34; p = 0.04). Similarly, the Scn9a gene was significantly down-regulated in the ipsilateral TG of both, male (fold regulation = À44.3; p = 0.000001) and female (fold regulation = À17.1; p = 0.00002) rats; however, the magnitude of downregulation was significantly higher in male compared to female TG (t-Ratio=À2.68; p = 0.02).
Additionally, there were four genes that were significantly regulated in female but not in male ipsilateral TG at 21 days following IoN-CCI and these included the following: Cck and Pla2g1b were significantly down-regulated in females but not in males, and Il1a and Tnf were significantly up-regulated in females but not in males. Additionally, there was one gene (Chrna4) that was significantly down-regulated in male but not in female ipsilateral TG at 21 days following IoN-CCI (Fig. 4) .
Discussion
Gene (mRNA) expression changes in rat TG following IoN-CCI were investigated in this study. The gene expression changes observed after IoN-CCI are similar to those reported in other nerve injury models, see Table S1 (Supporting Information). It is often difficult to reconcile gene expression changes at the Figure 3 Bar graph indicating relative expression of significantly regulated genes common to male and female rats. The fold change ratio was calculated by comparing the expression levels in rats exposed to IoN-CCI and na€ ıve animals within each sex group, and the logarithmic transformation of the fold change is indicated. Genes that met the two criteria: (1) absolute value of fold regulation ≥2.0 and (2) B-H-adjusted p < 0.023 in both sex groups are presented. Genes with significant differences in magnitude of regulation between sexes and indicated (*).
level of the ganglion with observed behaviour. The changes in gene expression at the level of the ganglion, however, are only part of the total changes occurring at the injury site and central nervous system (CNS) that together explain NP. We did not examine associated protein changes, and therefore, these can only be inferred.
Interleukin-1 a (Il-1a) and tumour necrosis factor a (TNF-a) were significantly up-regulated in females but not in males. Dysregulation of cytokines has been implicated in NP (Moalem et al., 2004; Hu et al., 2007; Uceyler et al., 2007; Backonja et al., 2008) , and TNF-a and IL-1 are necessary for the development of hypersensitivity following nerve injury (Murphy et al., 1995; Costigan et al., 2009a) . Increased TNF-a mRNA parallels increased TNF immunoreactivity in DRG of both injured and uninjured ipsilateral adjacent afferents (Schafers et al., 2003) . TNF-a activates the tetrodotoxin-resistant Na+ channels in nociceptive neurons via the p38 MAPK system (Jin and Gereau, 2006) . Additionally, TNF-a increases K+ ion conductance resulting in neuronal hyperexcitability (Czeschik et al., 2008) . Furthermore, TNF-a induces synthesis and release of IL-1 and IL-6, which induce the release of eicosanoids (prostaglandin E2 and I2) by activating cyclooxygenase-2. Chronic blockade of IL-1 reduces mechanical allodynia and glial activation (Gabay et al., 2011) , suggesting that Il-1 signalling plays multiple roles in neuropathic pain development and maintenance. Elevation of IL-1 in sensory ganglia may enhance pain by inducing exaggerated ganglionic afferent discharges and enhancing central sensitization (Gabay et al., 2011) . Our observed increases in TNF-a and IL-1 expressions selectively in females may explain the observed hypersensitivity.
Genes encoding cholecystokinin (Cck) and phospholipase A2 (group IB, Pla2g1b) were significantly down-regulated in female but not male rats. CCK has been implicated in behavioural fear response, neuron migration and regulation of sensory perception of pain as well as positive regulation of glutamate secretion (Dennis et al., 2003; Huang et al., 2008) . PLA2G1B is suggested to play a role in the metabolism of eicosanoids, which are bioactive signalling lipids responsible for regulating homoeostatic and inflammatory processes (Funk, 2001; Buczynski et al., 2009) . Evidence suggests that cytosolic activation of P2X2/3 receptor by phospholipase A2 in DRG underlies mechanical allodynia in neuropathic pain (Tsuda et al., 2007) . Chrna4 gene was significantly down-regulated in male but not female rats at 21 days. The Chrna4 gene encodes cholinergic receptor nicotinic alpha 4, which belongs to a superfamily of ligand-gated ion channels involved in fast signal transmission at synapses (Coordinators, 2016 (Coordinators, , 2017 . Activation of CHRNA4 receptor via acetylcholine binding results in receptor activation that leads to opening of ion-conducting channels across the plasma membrane (Dennis et al., 2003; Huang et al., 2008) .
In addition to the genes showing sex selective regulation, there were four genes (Csf1, Cx3cr1, Htr1a and Scn9a) that were significantly regulated in males and females, however, the magnitude of regulation differed significantly between the sexes. Csf1 and Cx3cr1 genes were significantly up-regulated in male and female rats; however, the magnitude of up-regulation was significantly higher in females. The CSF1 cytokine is involved in immunological defences and has been implicated in microglial activation, proliferation and mechanical hypersensitivity (Guan et al., 2016) . Similarly, CX3CR1 has been suggested to facilitate the interaction between neural and glial cells and thus may be critical for the development of NP and neuroinflammatory responses (Wu et al., 2013) . CX3CR1 has been implicated in mediating communication between DRG neurons and microglia Figure 4 Bar graph indicating genes showing sex-associated transcriptional regulation in the TG at 21 days following IoN-CCI. Logarithmic transformation of the fold change is indicated. The fold change ratio was calculated by comparing the expression levels in rats exposed to IoN-CCI and na€ ıve animals within each sex group. Sexspecific genes were identified by selecting genes that met the two significance criteria (absolute value of fold regulation ≥2 and B-H-adjusted p < 0.023) within each sex and did not meet either significance criteria in the other sex and had the magnitude of regulation significantly different when compared to the other sex. *Student's t-test p < 0.05.
in the spinal cord as well as in activating p38 MAPK signalling (White et al., 2007) . Activation of p38 MAPK results in the synthesis of pro-inflammatory cytokines, which may lead to central sensitization. The more pronounced up-regulation in females may explain the observed hypersensitivity in behavioural response to stimuli. The role of microglia in sexdependent pain processing has recently been examined. Although damage to a peripheral nerve produces spinal microglial reactivity in female mice compared to that of males, data indicate that microglia are not involved in mediating pain hypersensitivity in female mice following nerve injury indicating sexually dimorphic pain processing (Sorge et al., 2015) .
The Htr1a gene was significantly down-regulated in the ipsilateral TG of both, male and female rats; however, the magnitude of down-regulation was significantly more pronounced in males. Serotonin (5-HT) is a key modulator of spinal nociceptive transmission and therefore plays an important role in pain modulation (Millan, 2002) . Its inhibitory role on persistent pain has been confirmed by showing that mice deficient in central 5-HT neurons exhibited enhanced persistent inflammatory pain that was lessened by intrathecal injection of 5-HT (Zhao et al., 2007) . However, 5-HT has been shown to be much less efficient in treatment of persistent neuropathic or chronic pain (Bardin et al., 2000; Saarto and Wiffen, 2007) . Serotonin exerts its action though its receptors and peripheral nerve injury induced by IoN-CCI (NP model) resulted in significant downregulation of serotonin receptor 2A (Htr2a) and 1A (Htr1a) in the affected TG of male and female rats.
The Scn9a gene was significantly down-regulated in the ipsilateral TG of both, male and female rats following IoN-CCI; however, the magnitude of down-regulation was significantly higher in male compared to female rats. The Scn9a gene encodes Nav1.7 voltage-gated sodium channel. The properties of Nav1.7 sodium channel currents differ from those of other voltage-gated sodium channels, which may allow Nav1.7 to play an important role in fine-tuning of the excitability of nociceptors (Cairns, 2009) . Nav1.7 is characterized by slow closed-state inactivation (Cummins et al., 1998) and thus is unable to respond during high-frequency stimulation; however, it is able to respond to stimuli close to the resting membrane potential (Cummins et al., 1998) . Nav1.7 plays a crucial role in acute and inflammatory pain (Black et al., 2004; Nassar et al., 2004; Strickland et al., 2008) ; however, its role in NP remains unclear (Wang et al., 2011) .
Conclusions and limitations
Our findings suggest that male and female SD rats respond differently to pain at the transcriptional/ molecular level, which may partially explain the observed differences in hypersensitivity between sexes. Although only a limited number of known genes was examined, our results encourage further, gene focused, research of sex dimorphism in pain.
Selecting the V2 part from the trigeminal ganglion would allow identification of branch level changes in gene expression and allow for the detection of more subtle changes in gene expression following nerve injury. However, this selection could result in nondetection of cross-segmental effects. Additionally, isolation of V2 branch of TG may result in insufficient amount of total RNA that would result in a need to pool animals to obtain sufficient amount of RNA and perform expression analyses.
Gene expression was measured at one time point corresponding to maximal hypersensitivity in both sexes. As an exploratory, proof of concept, study we aimed to establish gene expression differences between sexes in neuropathic pain. The development of posttraumatic neuropathic pain is a process intimately linked to, and requiring, inflammation. In future experiments, to examine the 'inflammatory' and 'neuropathic' components of this process, a group of Sham-operated rats should be included. Multiple time points corresponding to the establishment and progression of neuropathic pain should be examined. Methods allowing for discovery of novel genes/pathways should be employed in future research to decipher molecular mechanisms of NP and address sexual dimorphism in pain.
The stages of oestrous cycle were not tracked, which arguably is a limitation of our study. It is possible that the observed differences in gene regulation are in part attributed to the variable sex hormone levels. However, according to a consensus report on sex and gender differences in pain and analgesia 'it is generally agreed that the first stage of any sex difference study should be a comparison of gonadally intact adult females and males; and in the absence of previous evidence for large oestrous cycle-related variations in the measures of interest, it is not absolutely necessary to test females in specific stages' (Greenspan et al., 2007) . It is further recommended that 'if a sex difference is observed in gonadally intact adults, a logical next step is to determine whether the sex difference can be attributed to the actions of gonadal hormones' (Greenspan et al., 2007) .
Further longitudinal, in-depth characterization of transcriptional changes associated with NP in the trigeminal system in male and female rats is needed. Future studies should include alternative analytical strategies such as correlation (Persson et al., 2009; Bali et al., 2014) across strains with similar genetic background but variable pain phenotypes. These combined approaches will enable a better understanding of the molecular mechanisms involved in the development and maintenance of trigeminal NP and the observed sex differences in pain and analgesia.
